A future generation of high-performance low-power atomic systems is expected to require VCSEL linewidths below 10 MHz for compatibility with the natural atomic linewidth (5 MHz for cesium) that is realized with atomic beams, trapped atoms, and trapped ions. This paper describes initial efforts at Sandia to reduce VCSEL linewidth by increasing the effective cavity length of an 850-nm monolithic VCSEL. In particular, two aspects of VCSEL design will be discussed: the Q of the VCSEL cavity, and the linewidth enhancement factor of the active region material. We report a factor of two linewidth reduction, from 50 MHz for our standard oxide-aperture VCSEL to 23 MHz for an extended-cavity VCSEL.
INTRODUCTION
Single-mode 100-MHz-linewidth VCSELs have recently enabled small low-power atomic sensors, including atomic clocks, magnetometers, and gyroscopes, that rely on spectroscopic interrogation of alkali atoms, typically rubidium or cesium, contained in a gas vapor cell. [1] [2] [3] [4] A future generation of higher-performance low-power atomic systems is expected to require substantially narrower VCSEL linewidths (in the range of 1 to 10 MHz) in order to be compatible with the natural atomic linewidth (5MHz for cesium) that is realized with atomic beams, trapped atoms, and trapped ions.
VCSEL SPECTROSCOPY OF CESIUM
In this section we will discuss the effects of VCSEL linewidth on spectroscopic sensors, in particular showing cesium absorption spectra at 894 nm and 852 nm. These results motivate the pursuit of narrow linewidth VCSELs to be discussed in the next section.
Cesium spectroscopy
The alkali metals appear in column I of the periodic table, have a single valence electron, and are popular for making atomic sensors. In particular, Rubidium (Rb) and Cesium (Cs) are most commonly employed in atomic sensors (including atomic clocks) and have atomic transitions at wavelengths accessible with GaAs-based VCSELs, as shown in Table 2 .1. Table 2 .1 is rounded to the nearest Hz.
As an aid to interpreting atomic absorption spectral data, Figure 1 shows a more complete energy level diagram of cesium, including the hyperfine splittings of all three lowest energy levels of the valence electron. [6] Figure 1(a) shows exaggerated hyperfine splittings and compressed energy level separations (894.3 and 852.1 nm) in order to depict clearly all the energy levels in a single diagram. In Figure 1 (b) all hyperfine splittings are drawn relative to a common scale, thereby showing the tighter hyperfine spacing of the higher energy levels. Given that the optical frequencies of the D1 and D2 transitions are 335.116 and 351.726 THz, respectively, the energy level separations (894.3 and 852.1 nm) shown in Figure 1 (b) would have to be increased more than 10,000-fold to be plotted on the same scale as the hyperfine splittings. transitions, and the hyperfine splittings of the three energy levels. For visual clarity, none of the energy separations are drawn to scale. (b) The same 3 energy levels, again not drawn to scale, but the hyperfine splittings of the three levels are drawn relative to a common scale, thereby showing the tighter spacing of the higher energy levels. Figure 2 shows the atomic absorption spectra of cesium at (a) 894.3 nm and (b) 852.1 nm, measured using two different VCSELs. Each absorption spectrum was obtained by shining a VCSEL through a 75-mm-long quartz vacuum cell (no buffer gas), containing atomic cesium at a vapor pressure of approximately 1x10 -6 torr, obtained at 25°C (room temperature). The VCSEL power was attenuated before the cell, and the light transmitted through the cell was focused onto a New Focus model 2001 silicon photodetector operating at a gain setting G = 1 x 10 2 (transimpedance R = 56 kOhm). For the data shown in Figure 2(a) , the 894.3-nm VCSEL bias current was fixed at 1.635 mA and a relatively small offset current was ramped (red curve) from -0.07 to +0.07 mA, resulting in an offset wavelength ramp from -0.03 to +0.03 nm, or equivalently an offset frequency ramp from +11 to -11 GHz. The D1 absorption spectrum at 894.3 nm exhibits 4 atomic resonances, labeled A to D, which correspond to the 4 possible transitions between the 6 2 S 1/2 and 6 2 P 1/2 levels, as shown in Figure 1(a) . In the 852.1-nm D2 absorption spectrum, shown in Figure 2 
Effects of VCSEL Linewidth
Most atomic sensors employ alkali metal vapor cells, such as the cesium cell described above. Often a buffer gas, such as nitrogen, is added to reduce the effects of atoms colliding with the cell walls. In vapor cells, the atomic resonance lines are Doppler broadened. The addition of a buffer gas further broadens the width of the resonance due to pressure broadening. However, VCSEL frequency fluctuations generally limit the performance (noise floor) of the sensor, even though the VCSEL linewidth (100 MHz) is typically less than the atomic linewidth (>600 MHz). The reason is that the atomic absorption profile versus frequency converts FM noise on the VCSEL to AM noise on the transmitted laser beam. In order to illustrate this effect, we zoomed in on the left (L-I) resonance dip in Figure 2 On the edges of the resonance line shown in Figure 3 (a), frequency fluctuations of the VCSEL are converted to amplitude fluctuations of the transmitted laser beam. In a sensor application, the laser frequency is typically locked to the atomic resonance frequency. In Figure 3 (b), the VCSEL offset current ramp was turned off and the fixed bias current was reduced to 1.187 mA in order to tune the VCSEL to the short-wavelength side of the resonance dip shown in Figure 3 (a). At the edge of the absorption line, FM noise on the VCSEL is linearly converted to AM noise on the transmitted beam. Fortunately, many atomic sensors lock the VCSEL to the exact line center, in which case the FM to AM conversion is greatly reduced, because the linear conversion coefficient is zero, and a weaker quadratic term comes into play. [1] But some amount of FM to AM noise conversion is always present, and this noise source typically sets the noise floor for VCSEL-based atomic sensors. Thus, to the extent that VCSEL frequency noise (linewidth) can be reduced, the noise floor of atomic sensors will decrease, and the signal-to-noise ratio will increase.
If the VCSEL linewidth could be reduced below the natural atomic linewidth (5 MHz for Cesium), it would allow the use of VCSELs in higher performance atomic systems, such as the NIST F1 atomic fountain clock, which is considered among the most accurate primary frequency standards in the world. [7] The NIST F1 clock employs laser-cooled Cesium atoms, which due to their low velocity, exhibit natural atomic linewidths of 5 MHz. Most laser cooling and trapping experiments employ external-cavity diode lasers (ECDLs) with linewidths below 1 MHz. External-cavity diode lasers typically consist of an anti-reflection-coated edge-emitting laser chip and an external grating placed a few centimeters away to act as a frequency selective mirror. Such lasers require precise and costly mechanical alignment, occupy a large (>100 cm 3 ) volume, and consume significant (>100 mW) electrical power, practically prohibiting their application in battery-powered low-cost atomic systems. Thus, if VCSEL linewidth could be reduced below 5 MHz, it would open up new applications in high-performance Doppler-free atomic systems.
NARROW LINEWIDTH VCSELS
In this section we discuss the theory, design, fabrication, and measurement of narrow-linewidth VCSELs.
Laser linewidth physics
Well before the first laser was demonstrated, Schawlow and Townes predicted its linewidth. [8] Fundamentally, laser linewidth is due to frequency fluctuations that occur when a photon is spontaneously emitted into the laser mode, adding one quantum of electric field at a random phase angle to the existing laser field. The laser linewidth due to spontaneous emission is given by the modified Schawlow-Townes linewidth formula
where Δν C (≈114 GHz) is the linewidth of the cold cavity (without active region gain or loss), hv (≈1.5 eV) is the photon energy, P 0 (≈1 mW) is the output power, n sp (≈2) is the population inversion factor, and η 0 (≈0.5) is the optical output coupling efficiency. In 1982, Henry explained the larger measured linewidths of semiconductor lasers by the formula ( )
where α (≈3) is the linewidth enhancement factor of the active region material, which accounts for the fact that carrier density fluctuations in the semiconductor cause refractive index fluctuations that perturb the laser frequency.
[9] For a conventional VCSEL structure, a typical lasing linewidth is Δν = 100 MHz, calculated using the typical parameter values shown in parentheses above.
The short VCSEL cavity length L C (≈1.5 um) yields a relatively large cold-cavity linewidth Δν C in comparison to other lasers, explaining the relatively broad 100 MHz linewidth that is observed from typical VCSELs. In addition, the low output optical power P 0 (≈1 mW) of VCSELs also prevents them from attaining extremely narrow linewidths. But a few clear strategies to reduce VCSEL linewidth are suggested by equations (1) and (2): increase single-mode output power, decrease cold-cavity linewidth (either by increasing cavity length or decreasing round-trip optical losses), and reduce the linewidth enhancement factor.
Extending the cavity length decreases the cold-cavity linewidth according to the formula
, where T (≈.004) is the round-trip optical power loss (including output coupling transmission), c is the speed of light, n g (≈3.5) is the group velocity index, and L C (≈1.5um) is the effective cavity length. In a conventional VCSEL (parenthetical values), the effective cavity length is dominated by penetration of the optical fields into the distributed Bragg reflector (DBR) mirrors above and below the active region, as shown in Figure 4 (a). Optically-pumped vertical-external-cavity surface-emitting lasers (VECSELs) permit extremely long cavity lengths and have achieved linewidths below 1 MHz, but they are similar in alignment complexity and power consumption to traditional external-cavity diode lasers. [10] 
Standard VCSEL design and linewidth measurement
We have previously reported the development of 50-MHz linewidth VCSELs at 852.1 and 894.3 nm for chip-scale atomic clock applications. [11] In order to achieve those results, we increased the VCSEL cavity Q by increasing the top mirror reflectivity, thereby reducing output-coupling "losses". The structure of this relatively standard VCSEL is shown in Figure 4 (a), along with the simulated optical field profile near the active region, showing the effective cavity length penetrating into the lower and upper DBR mirrors. This structure achieves narrower cold-cavity linewidth, as shown by the simulated reflection spectrum in Figure 4(b) , by reducing the output-coupling cavity loss. Figure 5(a) shows a schematic diagram of the optical heterodyne measurement setup that we employed to measure the linewidth of the standard 850-nm narrow-linewidth VCSEL design described above. For this measurement, an externalcavity diode laser (EOSI, linewidth < 1 MHz) at 850-nm was tuned to a frequency f 1 , approximately 1 GHz below the VCSEL frequency f 2 . The two optical beams were combined using a 50% beam splitter and coupled into an 850-nm single-mode fiber and detected with a 12-GHz photoreceiver (New Focus model 1580-B) whose output was fed into an electrical spectrum analyzer. The spectrum analyzer resolution bandwidth was set at 2 MHz. The resulting beat note appeared at approximately 0.85 GHz, as shown in Figure 5 (b). A Lorentzian with a 50-MHz FWHM linewidth fits the data well. The VCSEL drive current for this measurement was 1.5 mA, which was supplied by a low-noise current source. Also, the VCSEL was temperature stabilized in an oven to minimize thermal frequency drifts during the measurement. 
Extended-cavity VCSEL design
In an attempt to verify the scaling of VCSEL linewidth versus effective cavity length, as determined by the formula
, we fabricated an extended-cavity monolithic VCSEL that incorporates a cavity extension near the active region. The structure of this extended-cavity VCSEL is shown Figure 6 (a), along with the simulated optical field profile near the active region, exhibiting a significant (70%) increase in the effective cavity length relative to the standard VCSEL design. The cavity extension must be made such that it does not significantly increase the round-trip optical loss if it is to be effective at reducing the cold-cavity linewidth, according to the formula above. For this reason, we chose to incorporate the cavity length extension in the n-type DBR (rather than p-type DBR) to minimize free carrier absorption in the extension layer. This extended-cavity VCSEL structure achieves a 28% reduction in cold-cavity linewidth relative to the standard VCSEL structure described previously, as shown by the simulated reflection spectrum in Figure 6 (b). Our simulations assume a 20/cm optical absorption coefficient for the cavity extension layer. The reduction in cold-cavity linewidth depends critically on minimizing the losses in the cavity extension layers. Figure 7(a) shows the heterodyne linewidth measurement data obtained from the extended-cavity VCSEL described above, at a drive current of 1.85 mA. A Lorentzian fits the data with a FWHM linewidth of 23 MHz. As expected from the simulations, the linewidth is narrowed by approximately a factor of two relative to the standard VCSEL structure described in the previous section. Figure 7 (b) shows 4 linewidth measurements obtained at different drive current levels, plotted versus the inverse of output power. The Schawlow-Townes linewidth is expected to scale linearly with inverse power (1/P), and indeed a linear relationship is displayed in Figure 7 (b). However, according to theory, the residual linewidth, defined as the y-axis intercept (obtained at infinite output power) should be zero. The residual linewidth shown in Figure 7 (b) is 15 MHz, which is considerably higher than reported by previous authors. [12] The cause of the non-zero residual linewidth is not known, but could be due to excess noise from our low-noise current source (Thorlabs model LDC200V).
In other respects, the extended-cavity VCSEL behaves identically to standard oxide-aperture VCSELs. The device chosen for measurement here had a circular oxide aperture diameter of 3.5 um. The polarization-resolved power-versuscurrent data are shown in Figure 8(a) , indicating a threshold current of 0.4 mA and showing operation in a single linear polarization state up to a drive current of 2.3 mA. We note that a similar standard VCSEL structure fabricated at the same time exhibited a threshold current of 0.35 mA, implying very little increase in absorption loss due to the n-type cavity extension layer. Emission spectra at 1 and 2 mA drive current levels are shown in Figure 8 
CONCLUSIONS
In conclusion, we have demonstrated a two-fold reduction in VCSEL linewidth (from 50 to 23 MHz) obtained by adding a cavity length extension layer to a standard oxide-confined 850-nm VCSEL structure. This result verifies the expected linewidth scaling versus cavity length, and provides a method of narrowing VCSEL linewidth that can be used in addition to reducing cavity losses and reducing the linewidth enhancement factor of the active region. Simulations show that it is critical to fabricate the cavity extension such that it adds minimal additional loss to the cavity, otherwise the benefit of increasing cavity length can be lost. Our measurements show a residual linewidth (extrapolated to infinite output power) of 15 MHz, which may be due to excess noise on our DC current source. Future work will attempt to determine the origin of the large residual linewidth, which is likely limiting the measured linewidth.
We have motivated the pursuit of narrow-linewidth VCSELs as a means of reducing the noise floor of existing atomic sensors that employ alkali vapor cells. In addition, if the VCSEL linewidth can be reduced below the natural atomic linewidth (5 MHz for Cesium atoms), VCSELs could also be used for atom cooling and trapping, thereby enabling higher-performance atomic systems to be built using small low-power and low-cost VCSELs.
